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(54) Boundary iByor contiol devicQ 

(57) A boundary layer control 
mechanism prtfnarijyforaerofDil-tvpe 
surfaces, rn which one or more stepis 
ore fbitned in the aurfece. The step 
consists of a step recess foltowed, in 
the flow dHrsctlorv by a ramp return to 
the surflBoe contour. A number of such 
stepe In succession an the suottbn 
BuriscB of an aerofoil csuso early. 



cantniJIfid separatJan of the boundaiy 
fayer at each step, followed by re- 
attachment during each ramp. The 
boundary layer Is thus continually 
'nudged' Into a condition which h 
resistant to gross separelion. 
Applrcabte to turbine or compressor 
blades of turbo-machinery. Similar 
steps and ramps may be provided in 
the drum on which the blades are 
mounted. 
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SPECIFICATION 

Boundary layer u oii tro l me^sniam 

Thrs invention nsFatea to a hydro-dynamfc 
mechanrsm forth© control of boundary layer 
5 separatfon, particularly, but not exclusfvsly In 
' connectfonwhh aerofoil surfeces of turbo- 
maQhlnes such as the blades of turbines or 
compressors. 

The loading of, for example, a turtw?- 

^ 0 coinprBssor stage. I.e. the relative gain in pressure 
across the stage, is limited by the tendency of the 
boundary layer on the suction [Le. convex) surfsoe 
of the aerofoil blades to separate dresticaOy 
towards the downstream end of the surface. The 

^ 5 pressure acroes the suction surface (I.e. in the fluid 
flow direction) ftlls and then recovers to the 
higher output value, the recovanr occunlng over 
the trailing portion of the surface, it Is this 
pressure recovery which causes or tends to cause 

20 the bour^dary layer to separate^ 

The effect of high pressure recovery, and thus 
of an excessive stage loading, rs to produce gross 
boundary layer separation, turbulence at the 
trailing surfooe, energy losses and poor officiency. 

25 One object of the present mventlon Is to 
provide a simple mechanism for controlling the 
boundary layer separation. 

According to the present Inventbn a hydro- 
dynamic mechanism for the control of boundary 

30 layer separation f^m a eurfaca constraining fluid 
•flow, the surface being eubjectp In operation, to 
pressure dflferencas In the directf on of the flow . 
such as to tend to cause boundary layer 
separatloa comprises the Inclusion of a step 

35 extending tranaverselV to the direction of flow and 
having a proflfa oonsfating of a stepwise raoa&slon 
of the surface followed in the flow direction by a 
ramp portion to the surface contour, the depth of 
the step and the length of the ramp portion being 

40 such as to cause separation of the boundary layer 
at the step and reattachment wfthin the ramp 
portion. 

The step may be one of a plurality extending 
transversely to the direction of flow. The proximtty 

45 of successive steps befng su ch that after re* 
attachment separation fay the next step occurs 
before the boundar/ layer rfltums to ecTufllbrfum 
conditions^ The depth of step prBferably 
approximates to the thickness of the boundary 

50 layer immediately prior to the step and the length 
of the ramp portion in the direction of flow is 
preferably not less than approximately ten times 
the depth of step. 

Each step except the first may follow 

55 Immediately an the preceding one. 

According to another aspect of the Invsntion, 
an aerofoil surface Includes a hyditMiynamIc 
boundary layer control mechanism as aforesaid, 
the step or steps being provided on the suction 

60 side of the aerofoil. In an aerofoil surface and 
Including a plurality of steps, the flrst step In the 
flow direction preferably oommencaa at the end of 
transition from a laminar to a turbulent boundary 
layer. 



55 According to a further aspect of the Invention, 
In a turbo-machine stator or rotor comprising en 
annulus and a muftipnclty of aerofoil blades 
extending radially from the annulus, each blade 
haa an eert>foll surface as aforesaid. 
70 In such a case, the surface of the annulus from 
which the blades extend may be provided with a 
boundary layer control mechankm as aforesafdj 
the steps fn the blades intersecting the steps in 
the annulus. At the inter-section of each blade 
75 step with an annulus step a metal flilet may be 
provided having an approximately triangular cross-* 
section varying from zero stee at an upstream 
point to a maximum size at the onset of the 
intersecting steps. 
fiO A boundary layer control mechanfem In 
accordance With ^e invention will now be 
described, by way of example, with reference to 
the accompanying drawings, of which: 

Rgure 1 Is a cross^ection of an aerofoil blade 
85 Incorporating the control mechanism, and 

Figure 2 Is a partly diagrammatic perspective 
view of part of a turbine rotor annulus 
Incorporating ths control mechanism. 

If fluid flow over a surfece Is subjected to shock, 
90 a pressure rise occurs which is an extreme version 
of the pressure recovery that arises over the 
suction surface of an aerofoil blade. Separation of 
the boundary layer from the surface can then 
occur, leaving a region of recirculating fluid doae 
gs to tha8UrfBC& Velocity diffusion or dispersion 
across the region between the now separated 
boundary layer and the rBGirculatirt0 region occurs 
ftom the point of initial separ^on such that the 
velocity withfn the recfrcularting region is low and 
1 00 comparable to the pravloua boundary layer 

veiocTty close to the wall whSa the velocfty of the 
adjacent and higher streama of the boundary layer 
Is gneater and approaching the free flow velocity. 
When the efTecta of tfis Intdal pressura gradient 
1 05 fade away, the boundary layer veers back towards 
the surface and r«-attaohee Iteelf, The velocity 
profile, i.e. the velocity magnitude with distance 
from the surface, may now be seen to contain the 
majority of its variation over a distance very much 
710 less than previously. The profile has fliled out as ft 
were, to have a substantially flat frarrt. 

The resulting re-^ttached boundary layer is 
found to have a greater resistance to separation 
and an ability to retain this property for a distance 
1 5 of the order of ten timas the boundary layer 
thickness fnim the pofnt of re-attachment 

Referring now to Rgure 1 of the drawings, this 
shows an aerofoil blade In cross-section. The 
convex, suction surface Is formed with steps 1 — 4 
1 20 which extend along the blade in parallal formation 
normal to the plans of tha drawing. Each step 
comprises a sudden falling away of the surface, a 
stepvb/iso recession 6« followed by a ramp portion 
8 returning to the general surfeoe contour. In this 
125 embocfiment the Steps follow one upon the other 
immediately. 

Fluid flow over the suction surface produces a 
boundary layer 1 0 which starts to thfoken and 
grow turbulent under the influence of the pressura 
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gradient along the suiface at a point 1 2. The initfat 
boundary layer hae a velocity profi? which 
loc^asas smoothly ftt>m tsro at the surface itseff 
to the free flow vafooity at the upper region of the 
6 boundary layar- 

In the absence of the steps, the turbulent 
boundary layer would thicken progresslvefy untif 
groas separation occurred towards the tail end of 
thesurfece. 

1 0 The effect of the first step is to produce a small 
degree of separation before It would otherwise 
occur, a ^a|| rsc^rculatfon raglon being formed in 
the Jee of the portfon 6 of the step- There then 
occuiB a velocity dispersion between the 
1 5 recirculation region and the separated boundary 
layer aa described above, &uoh that substantially 
the whole of the boundary layer acquires a near 
unlfomi velocity. Re'Sttachmenrt of the boundary 
layer occurs within the ramp portion 8 of the step 
20 1 r the boundary layer tending tn maintam it^ near 
uniform velocity distribution through this portion. 
This characteriatic of the post-attachment 
boundary layer does. It Is found, provide Inclosed 
resistance to separation that could otherwise be 
25 caused by pressure recovery over the sur^ce. 

If onfy the one atop is employed the re-attached 
boundary layer gradually mverts to the equilibrium 
condition in which the velocity profile changed 
smoothly and contlnuouslY throughout the 
30 Thickness of the boundary layer. Protection or 
control of the boundary layer would therefore be 
provided for a short distance but foHowing this the 
boundary layer would again be llabie to gross 
separation with Its attendant disadvantages of 
36 lose and inefficrency. Thia rnay, however, be a 
sufHclent Improvement in the uncontrolled 
arTBngement. 

Further improvement ia, however, available in 
that the boundary layer may be mdntalned in a 
40 constant state of what might be called full-i 
velocity-profile re-attachment by repeated 
controlled eeparaH one. 

ThU9 at the end of the first step, when the 
boundary layer is about to 'forget' its acquired 
45 superior condition, e second controiled separation 
fa imposed by step 2. Again the velocity dispersion 
• occurs, fiollowad by re-attachment as a full- 
veiocity^ppofffie boundary layer with its inherent 
resistance to pressure recovery separation* 
50 The pmcesB Is then repeated for a substantial 
part of the suction surface until permanent 
separation is either unavoidable oris unlllcely to 
occur. 

It may be seen therefore that by keeping the 
55 boundary layer in a continuous state of controlled 
and limited separation, uncontrolled gross 
separation can b&avoided» 

The dimensions of the steps are related to the 
flow conditions and particularly to the boundary 
60 layer thickness. The first step hae a depth which Is 
made approximately equal to the boundary layer 
thickness immedJateCy before the step, i.o- ^ at the 
point 12. Typical values of this thickness are In the 
range 0.7 — 2,5 mm. The 'memory' of the 
65 separation treatment imposed by the step persists 



after le-attachment for a distance of about ten 
times the boundary layer thickness so a minimum 
etep length (La. of the ramp portion 8) of about 
10^ leaves a margin of safety equal to the length 
70 of the separation region. Greater ramp portion 
lengths may be pemiKssifaie in certain flow 
conditions. 

The steps are not ideally, of the same 
dimensions since the 'full-profile' boundary layer 
75 obtained after each re-attachment has a reduced 
displacement thickness^ i.e. the boundary layer Is 
effectively thinner. Thus the steps may become 
progreeswely shallower and shorter, depending 
upon the free stream conditions and particularly 
80 the pressure recovery rate. Measurements of the 
vanous boundary layer thicknesses In given 
condrtjons provide the necessary subsequent step 
dimensions. 
The position of the fir^t step Is determined by 
85 the state of the boundary layer afong the suction 
surface. Aiairiy defaiite transition occurs between 
the Inldal laminar boundary layer and the turbulent 
equilibrium condltionB shown at the point 1 2. Thb 
trensltion can be detected by observation of any of 
90 a rtumber of parameters. For example, the ekln 
frfctlDn and heat transfer at the surfiace is found to 
rise sbarphr from a minimum to a maidmum 
through this transitiDn. Sintllarly the surface total 
pressure varies in the same way. The latter osn be 
95 measured with a pitot tube, known as a Preston 
tube« mounted dose to tiie surface. 

The first acap is then poartlened at the end of 
this trensitioru 

The aerofbil surfsoe of Rgure 1 may be the 
1 00 ^rface of a compressor rotor blade 1 4 as shown 
In Figure 2. In this drawirig only two steps are 
shown for slmpfldty. All of the blades on the 
armulus are, of course^ stepped in the same way. 
Boundary layer control may also be employed 
1 05 on the annulus 1 8 on which the blades 1 4 are 
mounted. Steps 21 and 22 btb provided in the 
annulus and these may be made to Intersect the 
radial steps 1 and 2 of the blades. 

The IntersBQiton of the blades 1 4 and the 
110 annulus 1 8 may be stepped In a 3-dimenslonaI 
manner by employing a metAl fIJlet on the 
Immediate upstream aide of each step Junction, 
this iTllet being of approximately triangular cross- 
section and of Increasing sl^e from zero at an 
115 upstream point 24 to a maximum In coincidence 
with the feces 0 of the steps 1/2 1 and 2/22- 

While the blades 14 are shown ae blades of a 
compressor rotor, they may equally be blades of a 
statorrfng. 

1 20 The steps in the aerofoil surfacej while being 
transverse to the fluid flow, may be angled to the 
flow. They may alfio be of composite form such as, 
for axample, the flshtail fomiatlon of a blrxf s 
feather. 

1 25 It will be clear that the boundary layer control 
mechanism of the invention can find application In 
cxinstructions other than turbo-machines. For 
exsmple it can be used to control the boundaiy 
layer over vehicle body eurfaces which are 
130 necessarily convex and subject to pressure 
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recovery. 
CIAIMS 

1 . A hydro-dynamic mechanism for the control 
of boundary layer separation from a surface 
5 condtr^in Ing fl ujd flow, sa(d surface being mbjeoC 
In operation, to pressure drfferences m the 
direction of said flow such Q9 to tend to cause 
boundary fayer separation, ^aid mechanfsm 
comprising the Inclusion of a fitep extending 

1 0 transverHely to the direction of flow and having a 
proffie consisting of a stepwise recession of the 
surface foJlowed in the flow dlrecfion by a ramp 
pordon to the surface contour, the depth of the 
step and the length of the ramp portion being such 

15 as to cause separation of the boundary layer at the 
step and re-attachment within the ramp portion. 

2. A boundary layer contral mechanism 
according to Claim 1 , wherein aaid step ie one of a 
plurality extending xransveisery to the direction of 

20 flow, the proximfty of successive steps being such 
that after re-attaohment separation by the next 
atap occijrfi before the boundary layer retume to 
equilibrium condltione. 

3. A boundary layer controf machantem 
26 according to' Claim 1 or Qsim 2, wherein the 

depth of step appraodmataa to the thickness of the 
boundary layer immediately prior to the step and 
the length of the ramp portion in the dlraction of 
flow Is not less than approximately ten times the 
90 said depth of step^ 

4. A boundary layer control mechanism 
according to Oalm 2 or Claim 3 as appendem to 
Claim 2/ wherein each step except the first follows 
Immedlateiy on the preceding one. 



35 5. An aerofoil surface including a hydro- 
dynamic boundary layer control mechanism 
accordir^ to any preceding dalm, said step or 
steps being provided on the suction side of the 
aerofoil. 

40 6. An aerofoil surfaco according to Qalm 5 and 
Including a plurality of steps* wherein the first step 
in the flow direction commences at the end of 
transiton from a laminar to a turbulent boundary 
layer. 

49 7. A turbo-machine stator or rotor comprising 
an annulus and a multiplicity of aerofoil bfades 
extending radially from the annulus, each blade 
ha^nng an aerofoil surface according to X^aim 6 or 
Claim 6. 

60 8. A turbo-machine scator or rotor according to 
Claim 1, whsrefn the surface Of said annulus from 
which said blades extend la provided with a 
boundary layer control mechanism In accordance 
vAXh any of Claims 1 — 4, the steps in the blades 

55 Intersecting the steps in the annulua. 

d. A turtKMnachlne stator or rotor according tq 
Claim 8, wherein at the Intemecfion of each blade 
step whh an annulus step a metal fillet is provided 
having an eppr^imately trfangular crosB-Bectlon 

60 varying ftam zero size at ar> upstream pc^nt to a 
maxinram size at the onset of the f ntereecting 
steps* 

1 0. An. aerofoil blade sut>stanlially as 
hereinbefore described with refarence to F^cgure 1 

09 of the accompanying drawings 

1 1 , A compressor rotor ennuf us substantially as 
hereinbefbre described with releiBfice to Rgure 2 
of the accompanying drawings. 
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